Blepharitis is a common chronic eye condition that causes eyelid inflammation, leading to inflamed, irritated, sticky and itchy eyelids and flaking of the skin. For its treatment, patients often need indefinite use of an eyelid cleaning solution which usually cost more than 20 USD per 80 ml bottle and lasts, on average, one month. For those patients unable to afford the treatment, physicians recommend the use of a do it yourself (DIY) solution. However, the efficacy of DIY eyelid solutions might fluctuate according to the type of blepharitis present in the patient and inadequate pH stabilization of the solution might promote additional itchiness, irritation, and dryness of the skin and eyes. Thus, we propose an optimized DIY solution prototype for symptom management in patients with chronic blepharitis. The formulation contains a significant ratio of tea tree oil and resulted in suitable pH and foam expansion values. The low cost and ease of preparation of the designed formulation make it an affordable, effective alternative in the treatment of chronic blepharitis.
Introduction
Blepharitis is a common chronic eye condition that causes eyelid inflammation, with a prevalence of 8.1% among subjects aged 40 years or older [1] . It mainly affects palpebral margins, specifically the eyelash follicles and the sebaceous glands located near them. Symptoms include inflamed, irritated, sticky and itchy eyelids, flaking of the skin, sensitivity to light and red, watery eyes [2] .
Complications of the condition can often lead to permanent alterations to the eyelid margin or vision loss from superficial keratopathy, neovascularization of the cornea and ulceration [3] .
Blepharitis has been linked to a wide arrange of conditions. Among them, seborrheic dermatitis, Staphylococcus aureus infection, Rosacea, Meibomian gland dysfunction, and mite infestation have been the most cited [3] [4] [5] [6] . However, the exact cause of blepharitis remains to be elucidated, as its emergence could be attributed to multiple skin conditions being simultaneously present.
Blepharitis has been categorized based on the anatomical location of disease: Anterior blepharitis occurring due to a staphylococcal infection and seborrheic dermatitis, which cause inflammation at the base of the eyelashes; Posterior blepharitis due to meibomian gland dysfunction (MGD), a condition characterized by abnormalities and blockage of the meibomian glands, stopping the secretion of enough oil into the tears, which affects the posterior lid margin that comes into contact with the cornea and bulbar conjunctiva; and marginal blepharitis, including both anterior and posterior [3] . On the other hand, high numbers of Demodex folliculorum, a mite commonly found on human skin, have been found around the lash follicles and sebaceous glands of patients with blepharitis [7] . This mite might have a role in both anterior and posterior blepharitis since it could block the hair follicles, or induce an inflammatory immune response after its demise [7] . Depending on the location, different treatments have been proposed to control, but not cure, blepharitis. For anterior blepharitis, topical antibiotics such as tobramycin and neomycin, in combination with steroids such as dexamethasone, have provided some symptomatic relief during acute face, and have been effective in clearing bacteria from the eyelid margins [8] . For posterior blepharitis, tear-free baby shampoo has been used for MGD treatment, offering symptom relief in some patients. The use of Baby shampoo has been a common medical practice suggested by physicians to patients, since it allows the cleaning of the eyelids with relative ease [9] . Moreover, supplements rich in omega-3 fatty acids have been shown to improve MGD symptoms [10] .
Terpinen-4-ol, a component of Tea tree oil (TTO), has been found useful in treating MGD and promoting bacterial and Demodex eradication [11] .
Even though different treatment alternatives exist for all types of blepharitis, no single treatment has been found to be effective in curing the condition. Once the diagnosis has been made, patients are usually placed in a short course of antibiotics in combination with a steroid agent. The condition usually stabilizes for a few weeks till a relapse occurs. Considering the risk of antibiotic resistance and side effects produced by continued steroid use in chronic blepharitis conditions, patients are eventually subjected to a standard indefinite daily cleaning regimen of the eyelids.
This treatment relies on warm compresses and the use of eyelid scrubs soaked in a solution of water with baby shampoo for the mechanical removal of debris, scales and the prevention of MG blockage.
Various eyelid cleaning foaming solutions have recently entered the market. These solutions have been marketed as effective treatments for Demodex eradication in the eyelids and optimal control of blepharitis since they commonly contain TTO, which has been demonstrated to possess acaricidal, antibacterial, antipruritic, anti-inflammatory, and wound healing effects [12] . Therefore, in order to control blepharitis, ophthalmologists often prescribe these formulations as adequate eyelid cleaning solutions. Nevertheless, a standardization of TTO concentration which provides effective treatment of the condition has not been reported and usually isn't defined on the commercial eyelid cleaning solutions. Also, being a chronic condition, blepharitis requires indefinite use of an eyelid cleaning solution which, in the majority of cases, has a minimum price of 20 USD per 80 g bottle and lasts, on average, one month. For those patients unable to afford the treatment, physicians have been recommending the use of a do it yourself (DIY) solution containing Johnson's Baby Shampoo in water or other similar shampoos. This alternative has eventually become the most common way of treating blepharitis and has been recognized by the American Academy of Ophthalmology (AAO) as a viable lid hygiene option [13] . However, the efficacy of DIY eyelid solutions might fluctuate according to the type of blepharitis present in the patient. Moreover, an inadequate pH stabilization of the solution might promote additional itchiness, irritation, and dryness of the skin and eyes [14] .
For the above reasons, it is clear that a low cost effective and standardized eyelid cleaning solution for the treatment of chronic blepharitis has not been reported. Thus, this work proposes an optimized DIY solution prototype for symptom management in patients with chronic blepharitis.
Through the creation and execution of an I-optimal mixture experimental design, an optimized formulation of water, TTO, baby shampoo and sodium lauryl sulfate (SLS) was found. The aim of the design was to find the proportion of each component in the mixture that allowed an optimal pH, ideally equal to skin pH of 5.0 [14] , an optimal capacity to form foam for correct application of the solution on the eyelids and increased TTO penetration [15] , and a minimum TTO proportion that resulted in effective eradication of ocular Demodex, bacteria, decrease in inflammation and itchiness and, eventually, a state of remission in the condition. Therefore, pH and foam expansion, defined in equation 1, were the response variables of the experiment. Statistical analysis was performed for determining the statistical validity of the results, and a regression model was determined for each response variable. Through a multiple response optimization algorithm provided by the software Design-Expert version 11 and an overlay contour plot of pH and foam expansion, an optimal point of operation and design region were determined for the design solution. 
Methodology

Materials
Concentrated
Experimental protocol
Thirty grams of solutions were prepared as follows. We placed a 100 ml beaker in an OHAUS AV64C balance and weighted it. 70% (w/v) SLS was added to the beaker using a 10 ml syringe and weighted until desired mass was reached. The balance was tare weighted again, and tap water was added with another 10 ml syringe to the beaker and weighted till desired mass was reached.
The mixture was then placed in a magnetic stirrer at 80 °C and 300 rpm for 30 minutes till SLS was solubilized entirely, and was left for 30 minutes for the temperature to decrease to ambient conditions (between 20 °C and 23 °C). The beaker was again placed on the balance which was tare weighted, and Shampoo was added and weighted to the desired mass. The balance was tared weighted, and TTO was added to the desired mass. The mixture was then placed in a magnetic stirrer at 500 rpm in ambient temperature for 10 minutes till the solution was thoroughly mixed. pH measurements were made using Fisher-Scientific Accumet pH-meter. The device was first calibrated with 4.0, 7.0 and 10.0 pH solutions, provided by the manufacturer, to ensure accurate measurements. Five consecutive pH measurements were performed for each solution, and the mean value was registered. The pH-meter bulb was thoroughly rinsed with tap water before and after each measurement was made.
Foam expansion was measured after pH measurements were made. 10 ml of each freshly prepared solution were added to a 100 ml graduated cylinder using a 10 ml pipette previously rinsed with tap water. A glass stopper was inserted on top of the cylinder. The solution was vertically shaken as vigorously as possible for 10 seconds while holding the stopper with one finger. As soon as shaking was finished, the total volume of foam was noted. Three consecutive measurements were made for each solution, and a mean foam volume was recorded. Foam expansion was calculated using equation 1.
Foam Expansion = Volume of foam Volume of solution
(1)
Design of experiment (DoE)
The purpose of this work was to find an optimal operating condition in which the solution pH was maintained as close as healthy skin pH, which has been reported as being less than or equal to 5.0 [14] . Besides, in order to maximize Demodex and bacterial eradication and symptom relief in patients with blepharitis, TTO proportion had to be maximized without incurring in a deficient ability to form foam and an increased risk of skin irritation. Therefore, four design factors were selected as ingredients of the solution: Water (A), TTO (B), Baby Shampoo (C) and SLS (D) and two response variables were defined: pH and Foam expansion. According to Myers et al. [16] , when the design factors are ingredients or components of a mixture and their proportions are dependent on one another, the appropriate design is a mixture design. In this type of design, the response variables are a function of the proportions of each ingredient and not of the total amount of each ingredient in the mixture. Mixture designs are special cases of response surface designs, being prediction and optimization the main goals of most mixture experiments [17] .
In this work, 30 grams solutions were prepared. The sum of the masses in grams of the four factors had to be equal to the former amount. All experimental runs were carried out in lab conditions by the same operator. Ambient temperature varied between 20 °C and 23 °C but wasn't measured during each experimental run. Hence, it was considered a non-controllable nuisance factor.
Similarly, relative humidity was not measured and was considered a non-controllable nuisance factor.
While the common mixture experiments allow the construction of lattice designs which permits the exploration of the entire simplex region, the nature of some experiments restrict it by putting multiple constraints on the component proportions [18] . Quite often, one is faced with upper and lower bounds for every component. These constraints are usually determined by reasonable bounds on the relative proportion of components that produce useable results [16] . Such was the case of the mixture design proposed in this document. Table 1 shows the constraints placed for each component of the mixture formulation. The sum of the proportions of the components in each formulation had to be equal to 1. TTO ratio was defined based on previous experiments which showed that higher ratios increased solution viscosity and required higher surfactant proportion for emulsion formation and foam production. In addition, previous studies have reported notable skin irritation following application of 50% TTO lid scrubs for ocular Demodex eradication [11, 19] . TTO contact allergy has also been reported in patch tests with as little as 5% oxidized TTO [20] . Lee et al. [21] have suggested that TTO should be used at less than 10% for acne treatment to prevent skin irritation. For these reasons, the proportion of TTO was left between 1% and 10% of total solution mass.
Previous studies showed that baby shampoo could be used for skin pH stabilization, emulsion and foam formation, increasing wetting ability and detergent properties, surface tension reduction and skin protection due to its pH buffering capabilities and other skin care components [22] [23] [24] .
However, previous experiments showed that a ratio of more than 20% induced higher solution viscosity and did not account for a significant variation in pH or higher foam production.
Therefore, shampoo proportion was maintained between 5 and 20%.
SLS proportion was established based on previous studies which defined concentrations of less than 10 % to be an ideal point between foam production and the risk of skin irritation [15] . In addition, various studies have shown that the application of solutions containing 0.5%-10% SLS cause slight to moderate irritation and those with 10% -30% caused skin corrosion and severe irritation [25, 26] . SLS induced skin irritation is caused by its capability to reduce surface tension.
However, its ability for altering the stratum corneum, the outermost layer of the epidermis, makes it useful to enhance penetration of other substances in patch tests and animal assays [27] . For these reasons, a range between 0.1% and 12% was found adequate for improving foam formation and TTO penetration and not massively increasing the risk of skin irritation and dryness.
Tap water was found to be needed in at least a 60% proportion of the mixture formulation for ensuring adequate solubility of components, emulsion formation, and foam production. The higher bound of 75% was defined considering the proportion of the other components, which had to be present in at least their lower bound in every solution.
To check the consistency of each constraint and see if every upper and lower bound was attainable, a defined number of inequalities needed to be satisfied [18] . Equation 2 shows the conditions that were evaluated for the definition of adequate bounds. Two response variables were evaluated for each mixture: pH of the solution and foam expansion.
Both were measured following the experimental protocol defined in section 2.2. Foam expansion was obtained using equation 1.
As the defined components have both lower and upper constraints (see table 1), the feasible mixture region was not a simplex. Therefore, standard simplex-type mixture designs could not be used. As stated by Myers et al. [16] , when both upper and lower bound constraints are present in a mixture experiment, the feasible design space is an irregular hyper polytope, and a computergenerated design should be used in the experiment. They suggested that either an I-optimal or a D-optimal design is appropriate, but also noted that an extreme vertices design could be used in such situations. Nevertheless, an adequate I-optimal or D-optimal design is superior to the extreme vertices design when comparing prediction variance performance using the fraction of the design space plot (FDS) [16] .
In this work, an I-optimal design was created using the software Design-Expert version 11. Ioptimality criteria was favored over D-optimality for the following reasons: The I-optimal algorithm chooses runs that minimize the average scaled prediction variance across the region of experimentation, while the D-optimal algorithm chooses runs that maximize the determinant of the information matrix ( ′ ), and, in doing so, minimize the volume of the confidence ellipsoid about the unknown model parameters [17] . I-optimal criteria are desirable for response surface method designs (RSM) when the goal is to optimize prediction capability, requiring greater precision in the estimated model. In contrast, the D-optimal criteria are recommended to build factorial designs where the goal is to find factors relevant to the process. Hence, if good prediction in the design region is the primary goal of the experiment, then I-optimal designs generally have better overall performance [16] . The decision of not doing an initial mixture screening design relied upon the fact that only four design factors were deemed significant in the response variables analyzed. Furthermore, there were no constraints in time and resources, since the defined components, their ranges and associated costs and lab access permitted the execution of an experiment aimed at optimization and prediction.
The I-optimal RSM mixture design chosen for this work was defined based on the criteria 
Where q is equal to the number of components in the mixture (four in this case). This design allowed the sequential construction of models of increasing order (linear, quadratic and special cubic) for adequate model fitting and was cost-effective, considering the initial assumptions regarding experimental costs. In addition, it provided good model parameter estimates, an estimate of the pure experimental error and gave sufficient information for making a lack of fit test.
The computer-generated I-optimal design was chosen based on comparing the values of three optimality criteria for different I-optimal designs: Average variance mean, G efficiency and I value. Average prediction variance and I value are measures of I-optimality. I value is particularly useful in comparing I-optimality of designs with an equal number of runs. Thus, lower values of both indicate a better ability to minimize the integral of the prediction variance across the factor space and better optimization of the factor settings [16] . G efficiency seeks to minimize the maximum predicted variance across the entire design space and, particularly, at the edges of it.
Hence, a high G-efficiency means that the design is protected against the worst-case prediction variance, allowing it to predict new response values anywhere in the design region with a minimized maximum standard error [16] . For these reasons, to increase design optimality, average variance and I value needed to be minimized, and G efficiency needed to be maximized.
Statistical Analysis
Statistical analysis was done in the software Design-Expert version 11. Initially, a type I sequential model sum of squares was performed together with a lack of fit test to determine the highest order polynomial that adequately fitted each response variable. Afterward, an analysis of variance (ANOVA) was performed for each response variable, where non-significant factors were excluded from it. We graphically and analytically assessed the assumptions of normality, homoscedasticity, and independence of residuals to establish statistical validity. All statistical tests were considered significant with a p-value lower than 0.05. Contour plots were also created to analyze response behavior along the region of experimentation.
A regression model was obtained for each response variable. Model suitability was established considering global model significance, coefficients significance and analysis of the structure of residuals. Multiple response optimization was carried out using the regression models obtained for each response variable. From it, an optimal point of operation for the formulation was found, and a design region was determined. Optimization criteria consisted of maintaining a mixture pH lower than to 5.2 and higher than 4.8 while maximizing TTO proportion and maintaining a value of foam expansion higher than 1.9.
Results and discussion
Choice of I-optimal design Table 3 shows the results after changing parameters of both coordinate and point exchange search algorithms in Design-Expert version 11 to generate different I-optimal designs. Design number 3 was chosen among the six designs created since it showed the lowest values in average prediction variance and I value, and the highest G efficiency. Table 4 shows the results obtained for pH and Foam expansion on each experimental run. Table 5 shows the mass amounts of each mixture component for obtaining 30 g solutions. 
Design of experiment (DoE)
Statistical analysis of pH
Model definition Table 6 shows the type I sequential model sum of squares for pH. It is clear that both the quadratic and special cubic model have significant coefficients when compared to the adjacent lower order models. Table 7 shows the model summary statistics for pH. Here it can be seen that both quadratic and special cubic models have the highest values of 2 statistics and the lowest press. Table 8 shows lack of fit test performed to each model for pH. Lack of fit must be insignificant. That was the case for both quadratic and special cubic models. As a general rule, one must choose the highest order polynomial that has significant coefficients and insignificant lack of fit. Therefore, the special cubic model was chosen to model the pH response. Table 9 shows the ANOVA for pH. Both the global model and all its coefficients are significant.
Analysis of variance of Ph
These means that linear factors, second order, and third order interactions have a significant effect on mixture pH. Table 9 . ANOVA for pH. Checking of assumptions for the ANOVA of pH Figure 1 shows the normal probability plot of residuals and residual independence plot for pH. The figure shows that residuals followed a normal distribution and were randomly distributed. Figure   2 verified the assumption of homoscedasticity. We found homogeneity of variance for the residuals when plotted against factor levels. Table 10 shows the analytical tests performed to confirm the validity of all the assumptions. All test were insignificant. Thus, the ANOVA obtained for pH had statistical validity. 
Source of variation Sum of squares Degrees of freedom
Since the model and all its coefficients were found significant (see table 9 ), and no structure was found in the residuals (see figure 2 ), the regression model was considered suitable for modeling pH. Figure 3 shows a contour plot of pH with TTO proportion equal to 0.07. This scenario was considered important since one of the aims of this work was to maximize TTO ratio while maintaining an adequate pH value. From the figure, it was inferred that higher ratios of shampoo decreased pH while higher ratios of SLS increased it. 
Statistical analysis of foam expansion
Model definition Table 11 shows the type I sequential model sum of squares for foam expansion. Table 12 shows the model summary statistics for foam expansion. Table 13 shows lack of fit test performed to each model for foam expansion. Only the special cubic model has insignificant lack of fit and significant type I sequential sum of squares. Consequently, the special cubic model was chosen for modeling foam expansion. Table 14 shows the ANOVA for foam expansion. Non-significant model terms were excluded from the special cubic model. Model global significance analysis was significant. Similarly, all the model coefficients were found significant. These means that the linear mixture and AB, AC, AD, CD, ABC, ABD, and ACD interactions had a significant effect on mixture foam expansion. Checking of assumptions for the ANOVA of foam expansion Figure 4 shows the normal probability plot of residuals and residual independence plot for foam expansion. Residuals followed a normal distribution and were randomly distributed. Figure 5 verified the assumption of homoscedasticity. We found homogeneity of variance for the residuals when plotted against factor levels. Table 15 shows the analytical tests performed to confirm the validity of all the assumptions. All test were insignificant. Thus, the ANOVA obtained for foam expansion had statistical validity. 
Analysis of variance of foam expansion
Considering that the model and all its coefficients were significant (see table 14) , and there was no structure in the residuals (see figure 5 ), the regression model was found suitable for modeling foam expansion. Similar to section 3.3.4, figure 6 shows a contour plot of foam expansion with TTO proportion equal to 0.07. From the plot, it can be concluded that the high ratio of TTO substantially affected the ability of the mixture to form foam, since the available foam expansion range was reduced to values between 1.3 and 2.2 in the region of experimentation. Besides, it was found that SLS tended to increase foam expansion while shampoo ratio had a lowering effect on it.
RSM discussion
From the results above, it was found that there were significant linear, second and third order interactions between the chosen factors concerning their effect on pH and foam formation. TTO concentration greatly influenced foam expansion and pH leveling. We found that higher SLS values could have been employed to obtain higher foaming capabilities. However, this entailed the cost of increasing the risk of skin irritation and dryness given its effect on solution pH and surface tension. Shampoo was used to control pH by its buffering capabilities. However, its high viscosity and lack of sufficient surfactant composition made it unsuitable to act as a lone emulsifier of TTO and foaming agent. Water concentration also played a crucial role in the solution. Lower water ratios were correlated to less foam expansion when higher ratios of shampoo were used. Higher ratios of water with higher ratios of SLS increased foam expansion, but also induce higher pH values, reducing its suitability for topical eyelid application. 
Multiple response optimization
Ideally, the optimal mixture would have been the one with a pH equal to 5, foam expansion greater than 3 and TTO ratio equal to 0.1. However, compromises in every aspect had to be made to find a suitable but not ideal mixture. Multiple numerical optimization runs were made to obtain the ideal mixture. It was found that there were no optimal solutions which accomplished the desirable responses and TTO ratio. Hence, an optimization criterion was established, which allowed the search of a mixture formulation that was as close as possible to the ideal one. Table 16 shows the optimization criteria used.
We chose the TTO ratio to lie between 7% and 10% to obtain an optimal effect on Demodex and bacterial eradication. In addition, pH value was considered suitable if it was lower than 5.3 and higher than 4.8. These criteria were established considering that skin exposure time to the optimized solution would be less than 30 seconds. Hence, even though pH might be slightly above or below the recommended value, its effect would not be severely detrimental to skin health in such a short time. Foam expansion was established to be a minimum of 1.90. This value was found to be sufficient for foam to be formed when testing the solution with a foam pump sprayer commonly used for application of these type of solutions. All the other components criteria corresponded to the ranges defined for them in table 1. Figure 7 shows an overlay contour plot of pH and foam expansion considering the defined optimization criteria and a TTO ratio constant and equal to 0.07. The figure also shows the optimal design region in yellow, which is relatively big enough for withstanding small variations in component proportions. Table 17 shows the optimized formulation obtained using the optimization algorithm provided by the software Design-Expert version 11. The table also shows the masses of each component for preparing an 80 g solution and the total cost associated for preparing it. This total mass is chosen since it is the common one found on commercial eyelid cleaning solutions. As can be seen, the optimized solution cost less than 2 USD. Commercial foaming solutions containing TTO in unknown concentrations have prices of at least 20 USD. Therefore, the proposed alternative is cost-effective for a treatment that is considered indefinite in patients with blepharitis. 
Conclusions
This work proposes a low-cost eyelid cleaning foaming solution for symptom management in patients with blepharitis. An optimized formulation of water, TTO, Baby shampoo, and SLS was found by performing a four-component mixture I-optimal design of experiment. To our knowledge, this is the first study which establishes adequate concentrations of active compounds as a DIY solution. Statistical analysis showed the presence of significant linear, second and third order interactions between components, which together defined regions of high and low pH and foam expansion values.
TTO was found to induce low foam expansion and, even though it by itself did not alter to a significant degree the solution pH, its interaction with the other components was determinant in the definition of an adequate design region where optimal pH and foam expansion values could be obtained. SLS and shampoo performed antagonistic roles in the formulation. The first tended to increase foam expansion and pH values, while the former decreased pH but didn't necessarily promote foam expansion to a high degree when high TTO ratios were also present. Through the use of both numerical and graphical optimization methods, an optimal design region was found, and an optimal formulation was determined. The obtained formulation contained a significant ratio of TTO and resulted in suitable pH and foam expansion values. The low cost and ease of preparation of the formulation make it an affordable, effective alternative in the treatment of both anterior and posterior chronic blepharitis.
